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Andrew W. Stoker
Recent results have revealed for the first time that
receptor-like protein tyrosine phosphatases help to
control the navigation of motor axons in the Drosophila
nervous system.
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The matching of embryonic motor axons to their target
muscles represents the end point of an amazing feat of
navigation. Although we remain unclear as to what
precisely controls this process, there are nevertheless
numerous candidate molecules that have been proposed
to have guidance and targeting functions in vivo. To this
molecular minestrone we can now add the receptor
protein tyrosine phosphatases. Through genetic analysis,
three receptor tyrosine phosphatases have recently been
shown directly to influence motor axon guidance in
Drosophila.
The largest and best-characterized family of potential axon
guidance molecules has been that of the neural cell adhes-
ion molecules (CAMs). These include calcium-dependent
proteins, such as the cadherins, and calcium-independent
proteins, such as NCAM and the insect fasciclins, which
together generate adhesion between axons (fasciculation)
and between axons and glia. It has been proposed that
these confer combinatorial adhesive properties on the
growth cone surface and on the substrate, which facilitate
axon growth. There is, however, little evidence that CAMs
themselves govern changes in growth-cone direction.
Instead, there is growing awareness that CAMs act in
concert with other kinds of growth-cone receptors which
are direct signal transducers.
Axon growth and guidance require signals generated
through protein tyrosine phosphorylation in the growth
cone [1–6]. Many tyrosine kinases are present in growth
cones, and genetic evidence from Drosophila has implic-
ated a cytoplasmic tyrosine kinase, D-Abl, in motor
nerve guidance, where it cooperates with the CAM
fasciclin I [4]. Receptor tyrosine kinases are also impli-
cated in axon guidance, as demonstrated by the depen-
dence of CAM-driven axonogenesis in vertebrates on the
fibroblast growth factor (FGF) receptor [2], and motor
guidance defects in Drosophila derailed mutants [3].
Furthermore, research on tyrosine kinases of the ‘Eph’
family now strongly suggests that these axonal receptors
directly control fasciculation and growth-cone repulsion
during axon guidance [5,6].
Given this important involvement of tyrosine kinases in
growth cone dynamics, where do tyrosine phosphatases
fit in the picture? In recent years, a large family of recep-
tor tyrosine phosphatases has been identified, many of
which have CAM-like extracellular domains [7] (Fig. 1).
These receptor tyrosine phosphatases have stimulated
the interest of neurobiologists, as many are expressed,
Figure 1
Schematic representation of three Drosophila receptor tyrosine
phosphatases. Red circles, immunoglobulin-like domains; blue
squares, fibronectin type III-like domains; grey oblongs, intracellular
catalytic domains.
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sometimes exclusively, in the nervous system. Some
appear to have adhesive properties — PTPm and PTPk
bind homophilically, and PTPb binds heterophilically to
contactin, NCAM and NgCAM [7,8]. Drosophila receptor
tyrosine phosphatases DPTP69D, DPTP99A, DPTP10A,
and DLAR are all found in the axonal network of the
central nervous system (CNS) [9–12] and the chick CAM-
like receptor tyrosine phosphatase CRYPa is found on
nerve fibres and growth-cone membranes [13]. Not only
are these proteins in the right place, but we now have the
first evidence from Drosophila that they participate directly
in growth-cone guidance [14,15].
Drosophila embryos provide a well-defined model system
in which motor nerve guidance can be studied in genetic
backgrounds of choice. The stereotypical pathfinding of
motor axons in the intersegmental (ISN) and segmental
(SN) nerves have been used by Desai et al. [14] and
Kreuger et al. [15] to characterize axon guidance defects in
null mutants for three receptor tyrosine phosphatases.
The four nerve roots studied — SNa, b, c and d — all
gather initially in a common fascicle with the ISN outside
the CNS, after which the SN axons split at precise posi-
tions into secondary fascicles as they near target muscle
fields. Growth cones from these SN axons then search out
their muscle partners and form synapses; for example,
SNb splits from the ISN fascicle just outside the CNS,
then further subdivides into axons which innervate seven
ventral muscles (Fig. 2a). Two key events must therefore
be controlled: first, precise defasciculation of SN axons
from the ISN; and second, precise matching of growth
cones with muscle targets. The mutants described below
suggest that these two events are separately controlled, in
part by receptor tyrosine phosphatases.
DPTP69D and DPTP99A are two CAM-like receptor
tyrosine phosphatases (Fig. 1) that are widely expressed in
Drosophila CNS axons [10,12]. Their importance has been
revealed by genetics: dptp69D mutants commonly fail to
develop beyond the pupal stage, though they have a reas-
onably normal CNS and normal peripheral nervous system
(PNS) [14]. Detailed examination of their motor nerve
patterns, however, reveals specific pathfinding defects in
SNb and SNa axons [14]. Although the mutant phenotype
is only 20 % penetrant, it shows that SNb and SNa fail to
defasciculate from the ISN at the correct point, instead
remaining tightly fasciculated with the ISN for a variable
distance. When defasciculation does occur, however, a
significant number of SNb axons reroute and find their
correct muscle targets (Fig. 2b).
The selective nature of the defects in dptp69D mutants,
and their incomplete penetrance, suggest that DPTP69D
shares a semi-redundant function with another receptor
tyrosine phosphatase. Indeed, dptp99A mutations —
which alone cause no neural phenotype [16] — are found
to enhance the penetrance and severity of the motor
axon defects seen in dptp69D null mutants [14]. The
implication is that DPTP69D and DPTP99A play roles
in the guidance of SNa and SNb axons, acting in the
same or overlapping signalling pathways. These receptor
tyrosine phosphatases appear to control branch-point
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Figure 2
The routes taken by the ISN (red lines) and
SNb (blue lines) nerves during Drosophila
embryogenesis. Grey ovals represent
individual, numbered muscles. The asterisk
marks where the SNb nerve defasciculates in
wild-type embryos (a). In the mutant embryos
(b,c), three of the several possible routes are
shown: X, failure to defasciculate; Y, rerouting
to the correct target muscles; Z, misconnection
with a dorsal muscle (stippled). In dptp69D
and dptp69D/dptp99A mutants, the SNb nerve
remains fasciculated with ISN beyond the
normal branch point; in DLAR mutants, SNb
branches into a separate nerve at the normal
position, but fails to turn into the muscle field.
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decisions or defasciculation, rather than target muscle
recognition.
DLAR is another member of the immunoglobulin super-
family of CAM-like molecules (Fig. 1), and is expressed
on many CNS axons [10]. Examination of motor axons in
DLAR mutant embryos reveals an intriguing parallel with
the dptp69D/dptp99A mutants, with important differ-
ences. DLAR mutants exhibit precise, partially penetrant
defects in guidance of SNb and SNc nerves, but no
defects in SNa or SNd nerves [15]. In several cases, for
example, the SNb nerve branches away from the ISN at
the correct position, but then it tracks alongside the ISN
as a separate fascicle (Fig. 2c). These prematurely defas-
ciculated nerves appear not to search out correct muscle
fields. Many of the axons ultimately stall, or synapse with
incorrect, more dorsal muscles. The failing here appears
to be in the ability of axons within SN branches to locate
their synaptic targets, not in their ability to defasciculate
from the ISN.
These two studies [14,15] suggest, therefore, that the
ability of SN nerves to defasciculate, and their ability to
find muscle targets, are genetically separable — at least in
the case of SNb — and require the functions of distinct
receptor tyrosine phosphatases. It is interesting that
dptp69D, dptp99A and DLAR mutations affect overlapping
subsets of motor axons, even though their protein prod-
ucts are much more widely distributed. This probably
indicates that further receptor tyrosine phosphatases help
guide other nerve axons, and also that the function of each
receptor tyrosine phosphatase is tightly regulated, perhaps
by restricted localization of their ligands.
These results begin to suggest ways in which signalling
and guidance are coordinated. Significantly, the pheno-
types of receptor tyrosine phosphatase loss-of-function
mutants are remarkably similar to those of fasciclin II gain-
of-function mutants [17]. As suggested by Desai et al. [14],
this has interesting implications for how tyrosine kinases
and phosphatases behave in growth cones. For example,
the indications are that the FGF receptor and the Eph
family tyrosine kinases either interact directly with adhe-
sion molecules, or influence axon–axon adhesion as a con-
sequence of their intracellular signals [1,3,6]. It could be,
therefore, that fasciculation and the response to repulsive
cues on inappropriate muscle targets, are driven by kinase
signals in cooperation with CAMs. If so, then activation of
a receptor tyrosine phosphatase by spatially restricted
ligands could locally downregulate kinase signals, allowing
either defasciculation, or enhanced adhesion to selected
muscles (Fig. 3). The nature and location of the ligands for
DPTP69D, DPTP99A and DLAR are unknown, and
these now become questions of key importance.
The finding that receptor tyrosine phosphatases are players
in axon guidance adds significant weight to the importance
of phosphotyrosine signalling in growth cones. We should
Figure 3
A model of cell signalling in a growth cone. In
a fasciculated axon, signals from receptor
tyrosine kinases positively encourage growth
cone adhesion to axon fascicles, and/or
actively prevent adhesion to surrounding cells
such as incorrect muscle targets. When a
ligand triggers receptor tyrosine phosphatase
activity — for example, at a nerve branch point
or target muscle — the tyrosine
phosphorylation signal is downregulated or
overridden, and the growth cone now
selectively adheres to a new pathway surface
or a target muscle (adapted from [14]). The
putative ligands are depicted here as being
cell associated, although this may not always
be the case.Growth cone
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now ask how the combinatorial interactions of receptor
tyrosine phosphatases with CAMs and tyrosine kinases in
growth cones generate multiple guidance specificities. It
will also be fascinating to dissect the relative functional
importance of adhesion versus signalling for the CAM-like
phosphatases and kinases. Although far from having a
complete understanding, we now at least have another
piece of the jigsaw and are one step closer to knowing how
growth cones plan their travels.
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